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ARTICLE INFO ABSTRACT
Keywords: Early life experiences that affect the attachment bond formation can alter developmental trajectories and result
Sex-dependent differences in pathological outcomes in a sex-related manner. However, the molecular basis of sex differences is quite un-
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known. The dopaminergic system originating from the ventral tegmental area has been proposed to be a key
mediator of this process.

Here we exploited a murine model of early adversity (Repeated Cross Fostering, RCF) to test how interfering
with the attachment bond formation affects the VTA-related functions in a sex-specific manner.

Through a comprehensive behavioral screening, within the NiH RDoC framework, and by next-generation
RNA-Seq experiments, we analyzed the long-lasting effect of RCF on behavioral and transcriptional profiles
related to the VTA, across two different inbred strains of mouse in both sexes.

We found that RCF impacted to an extremely greater extent VTA-related behaviors in females than in males
and this result mirrored the transcriptional alterations in the VTA that were almost exclusively observed in fe-
males. The sexual dimorphism was conserved across two different inbred strains in spite of their divergent long
lasting consequences of RCF exposure.

Our data suggest that to be female primes a sub-set of genes to respond to early environmental perturbations.

This is, to the best of our knowledge, the first evidence of an almost exclusive effect of early life experiences on
females, thus mirroring the extremely stronger impact of precocious aversive events reported in clinical studies

in women.
1. Introduction Luby et al., 2020; Nelson and Gabard-Durnam, 2020; Babicola et al.,
2021). In particular, the mother-pup attachment bond plays a critical
The early postnatal period represents a critical time window for in- role in offspring’s future and pup’s brain development (Bowlby, 1982).
dividuals’ neurodevelopment, during which programmed trajectories Early experiences affecting the attachment bond formation can result in
are highly sensitive to environmental influences (Daskalakis et al., 2013; maladaptive behaviors or, more extremely, mental illness (Heim et al.,
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2010; Opendak and Sullivan, 2016; 2017, 2020; Bryant, 2016; Maccari
et al., 2014, 2017; Di Segni et al., 2018; Song and Gleeson, 2018; Tor-
res-Berrio et al., 2019).

One mechanism by which early experiences can lead to mental dis-
orders vulnerability is by affecting dopaminergic neurocircuitry
(D’Addario et al., 2021; Hollon et al., 2015; Ironside et al., 2018; Russo
and Nestler, 2013; in: Park et al., 2021). The ventral tegmental area
(VTA), the originating area of the dopaminergic mesocorticolimbic cir-
cuit, is involved in motivational stimuli processing and reward (Ber-
ridge, 2007; Nestler and Luscher, 2019; Lammel et al., 2014; Pena et al.,
2017, 2019; Belujon and Grace, 2017). Interestingly, the VTA pro-
jections to brain regions such as amygdala, lateral septum, preFrontal
Cortex, and nucleus accumbens have been implicated in bonding and
attachment formation (Pedersen et al., 1994; Insel, 2003; Seso et al.,
2010; Curtis and Wang, 2005; Feldman, 2017; McCormick et al., 2019;
Rincon-Cortés and Grace, 2020), and clinical and preclinical functional
data indicate that experiences during early life affect the activity of
neuronal pathways formed by VTA inducing behavioral long lasting
consequences (Chocyk et al., 2011, 2015; Masrouri et al., 2020; Park
et al., 2021; D’Addario et al., 2021; Oh et al., 2021).

Newsworthy, evidence suggest sex-dependent structural and func-
tional differences in VTA dopaminergic system as well as sexually
dimorphic response of midbrain to stress (Chocyk et al., 2015; Gillies
etal., 2014; Rincon-Cortés and Grace, 2017; Kokane and Perrotti, 2020),
and, intriguingly, several studies provide evidence for sex differences in
many behaviors, as emotional, social, reward-associated behaviors and
motivation (Brivio et al., 2020; Bath, 2020), all of them at least partially
depending on brain networks linked to VTA (Berridge, 2007; Nestler and
Carlezon, 2006; Koob and Volkow, 2010). Accordingly, many early
stress-induced psychopathologies related to this brain system are re-
ported to have a higher incidence in females than males (Keller and
Roth, 2016; Seney and Logan, 2021; Bale, 2006).

Epigenetic modifications (Alyamani and Murgatroyd, 2018) are
increasingly being recognized as critical to understand sex differences in
brain development and response to early environment (Keller and Roth,
2016). A recent study showed that stress exposure during sensitive
period alters in a sex dependent manner the transcriptional patterning in
the VTA of mice modulating the susceptibility to adult stressful stimuli
(Pena et al., 2019). However, due to methodological constrains
(different adult stress, tissue processing), potential sex differences in
response to stress exposure were not directly evaluated in male and fe-
male mice (Pena et al., 2019).

To our knowledge no study has directly investigated, to date, sex
differences in VTA transcriptional patterning of mice exposed to early
adversity. In addition, no study reported a stronger effect of early ad-
versities affecting the attachment bond on VTA-related behavioral and
transcriptomic pattern in female than male rodents, thus mirroring the
consequences of early exposure to negative experiences commonly re-
ported in human.

Based on these premises, in this study we reasoned that interfering
with the formation of the attachment bond during early life could affect
the VTA and some behaviors related to this critical brain area in a sex-
dependent manner.

To test this hypothesis, we exploited our animal model of early
adversity (Repeated Cross Fostering, RCF), which is hypothesized to
interfere with the development of maternal attachment bond (D’Amato
et al., 2011; Ventura et al., 2013; Luchetti et al., 2015, 2016; Di Segni
et al., 2016, 2017, 2018, 2019, 2020; Dulor Finkler et al., 2020). We
analyzed the long-lasting effect of RCF on behavioral and transcriptional
profiles related to the VTA, across different strains in both sexes.

In order to investigate the behavioral consequences that may mostly
reflect VTA-dysregulation, we took advantage of the Research Domain
Criteria (RDoC) guidelines. The RDoC initiative (https://www.nimh.nih
.gov/research/research-funded-by-nimh/rdoc/index.shtml) represents
an attempt to create an experimental classification system where
symptoms/domains, rather than mental disorders, are classified by
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grounding them in evidence based on etiology and pathophysiology
(Insel, 2014; Anderzhanova et al., 2017; Soderlund and Lindskog, 2018).

Following these criteria, the behavioral domains that partially
involve the VTA span across the positive and negative valence systems.
We thus interpret behavioral data that were produced throughout the
years in our laboratory and collected new behavioral data following RCF
manipulation within this framework. We provide an overview wherein
different behavioral constructs were evaluated based on their alteration
— regardless of the directionality - with respect to control groups, in
order to investigate a general level of “responsiveness” modulated by
RCF experience in adult animals, rather than merely defining suscepti-
bility or resilience to psychopathology. To examine the sex-dependent
effects, the behavioral profile was investigated in both male and fe-
male mice. In addition, to strengthen our results, we extended our
analysis across two different inbred strains of mouse, namely C57BL/6J
(C57) and DBA/2J (DBA), known to respond very differently to early
stress. This “across strains” analysis will help us identifying mechanisms
that are conserved across different genetic background in females and
males.

Finally, we relate the behavioral profile to transcriptional alterations
induced by RCF in the VTA of adult male and female mice. Our
comprehensive analysis of the VTA will evaluate if genetic sex drives
different transcriptional profiles of the adult VTA, to what extent these
differences can be generalized, and if sex-dependent developmental
trajectories of the mesocorticolimbic dopaminergic system could be
differently impacted by the disruption of the attachment bond, resulting
in sex-specific behavioral alterations in adulthood.

2. Methods and materials
2.1. Animals

C57BL/6J (C57) and DBA2/J (DBA) female and male mice (Charles
River Laboratories, Italy) were housed with water and food available ad
libitum, at constant room temperature (21 + 1 °C) and in a 12:12 h
light-dark cycle (lights on at 07:00 a.m.). Adequate measures were
taken to minimize pain or discomfort of mice and all experiments were
carried out in accordance with Italian national law (DL 116/92 and DL
26/2014) on the use of animals for research based on the European
Communities Council Directives (86/609/EEC and 2010/63/UE).
Experimental protocol (no. 769/2017) was approved by Italian Ministry
of Health. Mice 10-12 weeks old were used for both behavioral and
RNA-Seq experiments, if not differently reported.

2.2. Repeated Cross Fostering (RCF)

RCF was performed as previously described (D’Amato et al., 2011;
Ventura et al., 2013; Luchetti et al., 2015, 2016; Di Segni et al., 2016,
2019, 2020; D’Addario et al., 2021). Pups from the same litter spent the
first postnatal day (PNDO) with their biological mother. On PND1, litters
were randomly assigned to experimental (RCF) or Control (CTR) group.
RCF pups were fostered by moving the entire litter into the home cage of
a different mother, whose pups had just been moved to an adoptive
mother. This procedure was repeated daily (since PND1 until PND4); on
PND4 pups were left with the last adoptive mother until weaning. CTR
litters were only picked up daily and reintroduced in their home cage;
this procedure was carried out within 30 s. Animals were weaned at
PND28, separated by sex and housed in groups of 4 littermates. RCF and
CTR groups were sorted by collecting max 2 individuals per cage/litter
(Ventura et al., 2013; Di Segni et al., 2016, 2017, 2019) in order to avoid
litter effects. Different animals were used for RNA Sequencing and
behavioral experiments.

2.3. Pups’ attachment behavior

Attachment behavior was measured in pups by ultrasonic
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vocalizations (USVs) during separation from the mother, and by homing
test, that is measuring motivation to orient towards their mother’s cues
(D’Amato et al., 2011; Luchetti et al., 2021; Cinque et al., 2012).

USVs: USVs were measured at PND8 as previously described (Cinque
et al., 2012; Luchetti et al., 2021). No more than 4 pups x litter were
tested: each pup was individually placed into a beaker containing (i)
home-cage bedding (USVs-Home-Cage) or (ii) clean bedding (USV-
s-Clean) and vocalizations were recorded during a 5 min session. Ul-
trasonic vocalizations were recorded and analyzed thanks to dedicated
software (Avisoft Bioacoustics, Berlin, Germany). Sample size for each
experimental group was 8-10 and pups from each group belonged from
5 to 6 different litters (D’ Amato et al., 2011).

Homing: The Homing test was performed at PND10 as previously
reported (Cinque et al., 2012; Luchetti et al., 2021). The ability of pups
to orient towards familiar odorous cues was evaluated in a small appa-
ratus (5 x 33 x 10 h cm) with a central Plexiglas part (5 x 5 cm, starting
point) that separated (with sliding doors) two differently scented arms.
One arm was covered with pup’s home-cage bedding, whilst the other
one was covered with clean bedding. The pups were left 45-60 s in the
central part of the apparatus before opening doors and allowing them to
move freely for 5 min. The behavior of the pup was video-recorded and
the time spent in the different arms of the apparatus was evaluated
thereafter by video-tracking software (SMART 1.1, Panlab). The appa-
ratus was carefully cleaned with 10% ethanol solution at the end of each
test session. No more than 4 pups per litter were tested.

2.4. Adult behavioral tests

Animals from different cohorts were used for behavioral tests;
however, the same cohort was always used to directly compare male and
females mice.

2.4.1. Saccharin preference test (SPT)

The saccharin preference test was carried out as previously described
(Di Segni et al., 2016, 2019). During the habituation day, mice were
singly moved in a cage with two bottle containing water; after 24h they
were exposed to a double choice drinking test (saccharin solution
[0.5%] or drinking water) from graduated tubes (10 ml volume). Intake
was measured to the nearest 0.1 ml. The test cage was the same
throughout the experiment. Only mice drinking at least 0.1 ml on day 1
were included in the study. The percentage of saccharin intake
(saccharin intake (ml) *100/saccharin + H20 intake (ml)) was
evaluated.

2.4.2. Forced swim test (FST)

Mice were individually placed in an 18 cm-diameter glass cylinder
(height 40 cm) filled with 20 cm of water at 28 + 2 °C as previously
described (Ventura et al., 2013; Di Segni et al., 2016, 2019). Behavioral
response was video-recorded for 10 min using a digital camera placed in
the front of the apparatus before returning the mice to the home cage.
The duration (seconds) of immobility was taken as dependent variable
and manually scored with “EthoVision” (Noldus, The Netherlands)
software by a trained observer blind to the animals’ treatment.

2.4.3. Tail suspension test (TST)

Each mouse was suspended by the tail at 60 cm above the floor in a
white plastic chamber using adhesive tape placed <1 cm from the tip of
the tail according to Yan et al. (2015). Behavior was recorded for 10 min
using a digital camera placed in the front of the apparatus. Duration of
immobility was manually scored with “EthoVision” (Noldus, The
Netherlands) by a trained observer blind to the animals’ treatment. In
this test, the immobility was defined as the period when the animals
stopped struggling for >1 s.

2.4.4. Social interaction test (SIT)
Different groups of animals were tested on PND28 and PND60 in a
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gray plexiglas rectangular box (60 x 40 x 24 cm) consisting of an empty
central “starting chamber” interconnected with two “stimulus cham-
bers” where two identical clear plexiglas cylinders (8 cm in diameter)
with multiple small holes were placed (Cinque et al., 2012; Fiori et al.,
2015). During the habituation session (10 min) the mouse was placed in
the central chamber and allowed to freely explore the whole apparatus.
An age- and sex-matched mouse was then introduced as social stimulus
into one cylinder (pseudo-randomly chosen) whereas an object was
introduced into the other, for the 10 min test session. Both sessions were
recorded and the time the subject mouse spent in each chamber was
measured by a video-tracking system (Smart 1.1). Time spent sniffing
each cylinder in the test session was manually scored by a blind trained
observer to calculate the sociability index: time spent sniffing cylinder
with social stimulus x 100/time spent sniffing both cylinders (Fiori et al.,
2015).

2.4.5. Elevated plus maze test (EPM)

Mice were individually tested in a 5 min session in an apparatus
elevated of 38.5 cm above the floor and consisting in two open arms (27
x 5 cm) and two closed arms (27 x 5 x 15 cm) connected by a central
platform (5 x 5 cm) representing the starting point (Di Segni et al. 2016,
2019). The percentage of entries in the open arms (open entries/open +
closed x 100), and the percentage of time spent in the open arms (time in
open/open + closed x 100) were collected and analyzed by the “Etho-
Vision” (Noldus, The Netherlands) fully automated video tracking
system.

2.4.6. Open field test (OFT)

The mouse was introduced in the central sector and left to explore
the apparatus consisting in a circular open field, 60 cm in diameter and
20 cm in height for 5 min (Di Segni et al., 2016, 2019). Distance moved
(cm), was video-recorded and analyzed by the “EthoVision” (Noldus,
The Netherlands) fully automated video tracking system.

2.5. Tissue isolation and RNA preparation

RCF and control (CTR) animals from the same cohort were used for
this experiment. RCF-treated and CTR female and male mice from DBA
and C57 strains (n = 5 per experimental group) were sacrificed by cer-
vical dislocation at PND60. Brains were dissected and stored at — 80 °C.
Bilateral punches of VTA were obtained from coronal brain slices (Pena
et al., 2019) no thicker than 300 pm using a stainless-steel tube of 0.5
mm inside diameter and stored at T = — 80 °C until the day of the assay.
The coordinates were measured according to the atlas of Paxinos and
Franklin (2019). A schematic representation of VTA punch is provided
in Supplementary Fig. 1. RNA from punches was subsequently isolated
using Total RNA purification Plus Kit (Norgen Biotek, Thorold, Canada).
RNA quantity was determined by absorbance at 260 nm using a Nano-
Drop UV-VIS spectrophotometer.

2.5.1. RNA library preparation and sequencing

mRNA sequencing was performed at Iga technology service (Udine).
RNA from individual VTA samples (about 200 ng each) was quantified
and quality tested by Agilent 2100 Bioanalyzer RNA assay (Agilent
technologies, Santa Clara, CA) or Caliper (PerkinElmer, Waltham, MA).
Only RNA samples with RIN value > 7.0 were included in the study.

Universal Plus mRNA-Seq kit (Tecan Genomics, Redwood City, CA)
has been used for library preparation following the manufacturer’s in-
structions (library type: fr-secondstrand). Final libraries were checked
with both Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and Agilent
Bioanalyzer DNA assay or Caliper (PerkinElmer, Waltham, MA).

Libraries were then prepared for sequencing and sequenced on
single-end 75 bp mode on NextSeq 500 (Illumina, San Diego, CA). The
number of reads (in millions) produced for each sample ranged between
25 and 35.

Primary bioinformatic analysis included: a) processing raw data for
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both format conversion and de-multiplexing by Bcl2Fastq 2.20 version
of the Illumina pipeline (https://support.illumina.com/content/dam/ill
umina-support/documents/documentation/software_documentation
/bcl2fastq/bcel2fastq2-v2-20-software-guide-15051736-03.pdf); b)
Adapter sequences masking with Cutadapt v1.11 from raw fastq data
using the following parameters: -anywhere (on both adapter sequences)
—overlap 5 -times 2 -minimum-length 35 -mask-adapter (Martin, 2011).

The RNA-seq dataset is available from the GEO database under the
accession number GSE165922 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE165922).

2.5.2. mRNA-seq data analysis

Color Space sequence reads were mapped against the most recent
version of the mouse reference genome (GRCm38/mm10) from UCSC,
using RefSeq as the gene structure and annotation database. The soft-
ware used for mapping and quantification of transcripts was Lifetech
Lifescope version 2.5.1. Quality control of the aligned reads was per-
formed with the FastQC software.

Read counts were extracted from Lifescope mapping results with
proprietary software, samples showing as outliers in a PCA (highlighted
in Supplementary Figs. 2 and 3) were excluded from the subsequent
analyses. Specifically, samples that, by visual inspection in the PCA,
appeared distant from the whole group of experimental mice (C57, male
or female and DBA, male or female) regardless the treatment were
excluded (Supplementary Fig. 2); only one sample (Ctrl C57-F mouse)
was removed to reduce variance and allow the analysis of more
consistently separated groups.

Samples analyzed were respectively: for DBA: RCF male, n = 5 RCF
female, n = 5, CTR male, n = 4, CTR female, n = 4; for C57: RCF male, n
= 5, RCF female, n = 4, CTR male, n = 3, CTR female, n = 4. The dif-
ferential expression analysis was performed with the Bioconductor
DeSeq?2 library (Love et al., 2014). For our analyses, we selected those
genes whose fold changes were statistically different according to the
FDR-corrected p < 0.05. The interaction between the effect of “Strain”
and “RCF-treatment” on the expression of individual genes was assayed
by two-way ANOVA (p < 0.05 for significance).

Chromosome locations were extracted from BioMart (Durinck et al.,
2009) and analyzed with in-house scripts, pathway enrichments were
performed with David (Huang et al., 2009).

To compare pairs of differential analysis (C57 RCF females vs Control
females compared to DBA RCF females vs Control females; C57 CTR
females vs. C57 CTR males compared to C57 RCF females vs. C57 CTR
females; DBA CTR females vs. DBA CTR males compared to DBA RCF
females vs. DBA CTR females) we used the Rank-Rank hypergeometric
overlap test (Oldham Green et al., 2021; Pena et al., 2019) using the R
package (Rosenblatt and Stein, 2014). The Rank-Rank scatter plots
comparing pairs of gene lists were generated by applying the RRHO
function provided by the R package on threshold-free lists in which
genes were ranked by the negative logl0 of the adjusted p-value
multiplied by the sign of the fold change as determined by DESeq2.

Male and female VTA tissues sequenced in this study were from the
same cohort, making possible a direct comparison of the samples.

2.6. Statistics

Two-way ANOVA (condition, 2 levels: RCF, CTR; bedding, 2 levels:
Clean, Home-cage) was used to evaluate differences in pups’ vocaliza-
tions (USVs) for each strain. Three-way ANOVA for repeated measures
(sex, 2 levels: males, females; condition, 2 levels: RCF, CTR; bedding, 2
levels: Clean, Home-cage) was used to evaluate pups’ Homing test re-
sults for each strain. One sample Student’s t -test was performed for the
time spent in immobility during FST, for percentage of time spent in the
open arms during EPM and for distance moved during OFT for DBA male
mice (RCF and CTR group). Moreover, one sample Student’s ¢t -test was
performed for time spent in immobility during TST and for sociability
index during SIP (PND28 and PND60) for each strain and sex.
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The responsivity index was calculated by attributing a binary value
(1/0: different/no-different response between RCF and CTR mice within
each group, represented with “*” or “ns” respectively into the table) to
the results of each test per group and evaluating the percentage of
responsivity for each group on the sum of significant responses
throughout all groups (total responsivity). [e.g. C57 RCF female mice
responsivity is: EPM (0) + OFT (0) + FST (1) + TST (0) + SIT P20 (1) +
SIT P60(0) + SPT (1) + CPP 2.5 mg (1) + CPP 5 mg (0) = 4; C57 RCF
female general responsivity index is the percentage of C57 RCF female
responsivity on the sum of total responsivity: (4/(4 + 2+4 + 0))*100 =
40%].

Standard hypergeometric overlap test was carried out using the
phyper R function (Oldham Green et al., 2021; Pena et al., 2019).

3. Results
3.1. RCF interferes with the attachment bond formation

To test if the RCF procedure (Fig. 1A) alters the formation of the
attachment bond, we evaluated the emission of USVs during separation
from the mother and we performed the homing test in CTR and RCF
groups (Fig. 1B).

ANOVA for USVs showed a significant condition x bedding inter-
action for both strains (C57: F(1,33) = 8.04; p < 0.01; DBA: F(1,27) =
6.34; p < 0.05). Both C57 and DBA pups exposed to RCF differed from
their respective CTR for the amount of ultrasonic calls emitted (Fig. 1C
and D). CTR pups of both strains vocalized less in home-cage bedding
than in the clean, odorless bedding (C57: p < 0.05; DBA: p < 0.05), thus
confirming the calming effects of home cage bedding on pups’ calls.
However, this effect was not evident in RCF mice (both strains) that
appeared unable to benefit from the familiar home-cage cues (Fig. 1C
and D).

Concerning the Homing test, three-way ANOVA showed a significant
sex x condition x bedding interaction for both strains (C57: F(1,28) =
5.80; p < 0.05; DBA: F(1,31) = 5.56; p < 0.05). The results confirmed
that all pups prefer the familiar (mother) scented part of the apparatus,
spending the most part of the time there (Fig. 1E-H). However, RCF
females spent significantly more time in the home-cage (the environ-
ment providing information about proximity to mother) in comparison
with CTR females, regardless of the genotype (p < 0.05) (Fig. 1 E, G).

3.2. RCF affects adult VTA-related behavioral domains in a sex-
dependent manner

We collected results from several behavioral experiments to assay the
general impact of RCF on adult VTA-related behavioral domains (ac-
cording to the RDoC) in two different inbred strains of both sexes. The
behavioral tests examined included FST, EPM, OFT, TST measuring the
responses to (potential and acute) threatening stimuli and thus the
functionality of the negative valence system (Fig. 2A); the SIT, SPT and
cocaine-induced CPP, measuring the responses to rewarding stimuli
(reward evaluation and learning) and thus the functionality of the
positive valence system (Fig. 2A). Results were collected from previous
(Di Segni et al., 2016, 2017, 2019, 2020; D’Addario et al., 2021) and
new experiments (see Methods section for details). Significant modifi-
cations induced by RCF on any of these behaviors were signed with an
asterisk in the Fig. 2A (mean and standard errors are reported in the
Supplementary Fig. 4).

Specifically, no significant difference was evident between RCF and
CTR DBA males in FST (t = —.475; p = ns). Moreover, RCF did not
induce significant differences in DBA male mice in EPM (t = —0.746; p
= ns) and OFT (moved distance: t = —0.633; p = ns; percentage of time
spent in external arena: t = —1.256; p = ns) and SPT (t = —0.241; p ns)
(Fig. 2A). Concerning TST, no significant difference was observed be-
tween RCF and CTR DBA males (t = .689; p = ns), between RCF and CTR
C57 males (t = 0.183; p = ns), and females (t = 1.022; p = ns) (Fig. 2A).
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Fig. 1. A. Schematic representation of Repeated Cross Fostering (RCF) procedure and timeline of pups behavior. RCF pups change adoptive mother four time from
post-natal day (PND) 1 until PND4; Control pups are removed from and reintroduced in the home cage for the same days. B. Schematic representation of experi-
mental groups: RCF and Cont male and female mice from C57 and DBA strains. C,D. USVs emitted by from C57 (C) and DBA (D) pups on PND8 in the Home cage and

in the Clean cage. *p < 0.05; *

mice from C57 (E,F) and DBA (G,H) pups. ***p < 0.001; # <0.05.

**p < 0.01. E. Time spent in the Home cage and in the clean cage during the Homing test (PND10) by RCF and Cont male and female
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Fig. 2. A. Summary of behavioral tests carried out in RCF male and female mice from C57 and DBA strains in comparison with the respective control groups. *:
significantly different compared to the respective control groups; ns: no significant; EPM: elevated plus maze; OFT: open field test; FST: forced swimming test; TST:
tail suspension test; SIT: social interaction test; SPT: saccharin preference test; CPP: conditioned place preference. B. Grouped data for males and females from both
genotypes for Negative Valence System and Positive Valence System. C. VTA-related Responsivity index (calculated as reported in the results section).

Finally, a significant difference was evident between RCF and CTR DBA p = ns; DBA females: t = —0.24; p = ns; DBA males: t = —0.13; p = ns)
females (t = —2.571; p < 0.05) with increased immobility in RCF with increased sociability in RCF in comparison with CTR group
compared to CTR group (Fig. 2A).

A significant effect of RCF on sociability at PND28 was evident only of strain and sex (C57 females: t = 0.06; p = ns; C57 males: t = —0.001;
in C57 females (C57 females: t = —2.4; p < 0.05; C57 males: t = —0.45; p = ns; DBA females: t = —0.32; p = ns; DBA males: t = —0.79; p = ns)

(Fig. 2A). No significant effect of RCF was evident at PND60 regardless
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(Fig. 2A). To offer a quantitative glance to the overall behavioral re-
sponses that have examined, we built-up a VTA-related “responsivity
index” that is reported in pie charts (Fig. 2B and C).

Based on this global view, our results indicate that RCF manipulation
induces long lasting behavioral effects more strongly affecting female
than male mice, regardless of the genotype (Fig. 2B). In addition, by
breaking up data for strain and sex, results indicate that RCF C57 fe-
males explain ~40% of effects related to positive stimuli response while
RCF DBA females account for ~40% of effects related to negative stimuli
response, according with the increased sensitivity to rewarding stimuli
effects and vulnerability to depression-like phenotype reported,
respectively, in adult RCF C57 and DBA female mice (Di Segni et al.,
2016; 201). Only a limited effect of RCF is evident in C57 males (~20%)
and no significant impact is observed in DBA males (Fig. 2B).

3.3. RCF impacts adult transcriptional profile of VTA almost exclusively
in females

Through next-generation mRNA-Seq, we profiled VTA tran-
scriptomes in RCF and CTR adult male and female mice from C57 and
DBA backgrounds.

First, we compared the expression levels of VTA genes between RCF
and CTR mice in males and females within a specific background
(Fig. 3A). We found that the number of differentially expressed genes
(DEGs) in RCF versus CTR females was tremendously higher than the
number of DEGs in male, and this was true for both genotypes (Fig. 3A).
Specifically, in C57 mice RCF altered the expression of 18 genes in males
(n="7UPandn =11 DOWN) and 1593 in females (n = 900 UP and n =
693 DOWN). Similarly, in DBA mice we found only 2 DEGs in RCF males
(all UP) while 1090 DEGs were found in females (n = 608 UP and n =
482 DOWN). Moreover, we did not observe specific chromosomal
enrichment of DEGs in any of the two strains, when they were distrib-
uted according to their location on different chromosomes (Fig. 3B).

A list of DEGs for male and female for each strain is presented in the

A
C57 DBA
@ @ % c\ (_\ V,S, e\
N > (D S
RCF  Cont Cont RCF QF é§1t §(§1t RCF
ko) v 9 Q Q ? Kol o)
N \/ Y
\ /
18 \\/ B
1015
B

0

200 200

100 1.00

- 000
9 5 4162 7

1810151219 15 5 14 17 1 2316 x 101915915 516 § 123 1114 147 2 6 1713 x

Chromosome Chromosome

Neurobiology of Stress 15 (2021) 100406

supplementary Tables (Supplementary Tables 1, 2, 3 and 4). Notably, by
examining the DEGs induced by RCF in female mice from the two ge-
netic backgrounds we found 75 overlapping genes, that are shown in the
heatmap (Fig. 3C, listed in Supplementary Fig. 5 and marked with an
asterisk in the Supplementary Tables 1 and 2). Interestingly, 32 genes
out of the 75 overlapping display a discordant sign of fold changes be-
tween the two genotypes (and significant treatment x genotype inter-
action in a two-Way ANOVA), likely representing opposite adaptations
to the RCF in the two different genotypes (Supplementary Fig. 5).
However, we did not observe a significant overlap between the DEGs
from the two lists (DEGs between RCF vs Control C57 females and DEGs
between RCF vs Control DBA females) using the hypergeometric overlap
test.

To describe the physiological functions that are mostly represented
among the altered transcripts in female mice, we classified them by Gene
Ontology analysis, using the DAVID web-based tool [http://david.abcc.
nciferf.gov/] for the category of “KEGG pathways”. We found n = 24
significant pathways for C57 mice, n = 10 for DBA and n = 4 over-
lapping pathways between the two strains (Fig. 4A). Specifically, the
DEGs in the VTA of C57 females were significantly enriched for genes
that are mainly involved in synaptic function, including the dopami-
nergic, glutamatergic, and GABAergic synapse, in signal transduction
processes, including Calcium signaling, cAMP, Rapl, or P13K-Akt
signaling pathways and several extracellular matrix-related functions.
Notably, biological processes involved in drug addiction (morphine,
cocaine, nicotine and amphetamine addiction) were also significantly
enriched of DEGs in C57 mice (Fig. 4B). In parallel, DEGs in DBA females
were significantly enriched for genes that are mainly involved in Axon
guidance, Focal adhesion, P13K-Akt signaling pathways, Oxidative
phosphorylation, ECM-related functions and neurodegenerative dis-
eases (including Alzheimer, Parkinson and Huntington disease)
(Fig. 4B). Common pathways to two strains are detailed in the Fig. 4B.

@ C57 RCF/Cont @DBA RCF/Cont

BRRE3228

See supplementary figure 4 for details

Fig. 3. A. Schematic representation of differential analysis of VTA transcriptomes between male and female RCF and control mice across different strains (C57 and
DBA). Venn diagrams indicate the number of differentially expressed genes (DEGs) between each pair of experimental groups. The colors blue and pink of the
illustrated mice represent males and females, respectively. B. Histograms represent the chromosomal distribution of the DEGs between RCF versus control female
mice from C57 (left histogram) and DBA (right histogram) strains. The number of DEGs per chromosome is expressed as percentage over the total coding genes
(including pseudogenes) located in the chromosome. C. DEGs that are altered in RCF female mice common to both strains (n = 75) are shown in the heatmap. Color
intensity is proportional to the 1log2FC calculated between the RCF and Control group per each strain. Specifically, red and blue colors indicate genes that are
upregulated and downregulated in RCF versus control mice, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 4. A. The Venn diagram indicates the number of “KEGG pathways” that are significantly enriched in the DEGs between RCF and control mice in C57 (dark pink)
or DBA (light pink) female mice. Number of common pathways are indicated in the intersection. B. The pathways included in the Venn diagram are specified in the
table. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4. Sex-specific VTA transcriptional profiles reveal female-specific genes
that are sensitive to RCF manipulation

Based on the greater effect of RCF in female than male mice, we
hypothesized that transcriptional changes induced by RCF in female
mice could involve indeed sex-specific VTA genes differently expressed
between CTR males and females.

To evaluate this hypothesis, we first compared the expression level of
VTA genes between females and males in CTR mice within each back-
ground. We found three hundred and one (301, of which 174 Down and
127 Up regulated in females) and one hundred and forty-four (144, of
which 116 Down and 28 Up regulated in females) genes that were
differently expressed between females and males in C57 and DBA
strains, respectively (Fig. 5A and Supplementary Tables 5 and 6). Nine
overlapping genes were found between the two strains’ lists, mainly
genes located on sex chromosomes. Gene Ontology analysis for each list
is reported in Supplementary Table 7.

When we clustered these genes according to their chromosomal
location, we did not observe specific chromosomal enrichment (Fig. 5B).
Following, we matched these lists of DEGs, with DEGs that were ob-
tained comparing RCF vs CTR females within each strain. Interestingly,
we found an overlap of ~50% of genes for both strains (n = 167 genes
for C57 (55%); n = 82 genes for DBA (57%)) (Fig. 6A-C and Supple-
mentary Tables 8 and 9). This overlap was highly significant as deter-
mined by the hypergeometric test (C57 CTR females vs. C57 CTR males
compared to C57 RCF females vs. C57 CTR females: p < 0.0001; DBA
CTR females vs. DBA CTR males compared to DBA RCF females vs. DBA
CTR females: p < 0.0001). Interestingly, the Rank-Rank hypergeometric
overlap test revealed a striking discordance in the direction of changes,
wherein the RCF manipulation in female mice induces transcriptional
changes in opposite direction with respect to their difference versus
male mice. This anti-correlation is illustrated by the scatter plots in
Fig. 6 D, E and Supplementary Fig. 6).

4. Discussion

In this work we report, for the first time, that an early experience that
affect the attachment bond, impacts in the long-term VTA-related
behavioral and transcriptomic pattern almost exclusively in female
mice. Notably, these effects seem to be genotype-independent, since
they are conserved in two different inbred strains, thus improving the
translational value of our results. A stronger impact of early adversities
is indeed reported in women rather than men (Hodes and Epperson,
2019; Pratchett et al., 2010; Weiss et al., 1999).

First, we evaluated if our model of early adversity interferes with the
attachment bond formation in a sex-related manner. The distress vo-
calizations are commonly used to study attachment behavior in puppies
(Moles et al., 2004; Luchetti et al., 2015, 2016). In the RCF condition,
the repeated change of caregiver is aimed to interfering with the for-
mation of a stable and predictable infant-mother bond. Control pups
vocalized more consistently in absence of familiar cues (Clean condi-
tion), indicating that the home cage bedding reduced the emotional
impact of social isolation (Cinque et al., 2012). However, the con-
solatory/calming effect of the home cage bedding (representing the
mother) was not evident in RCF pups from both strains. In fact, ac-
cording to prediction, RCF mice from both strains emitted at PND8 a
higher number of separation-induced ultrasonic vocalizations (USVS)
selectively when exposed to olfactory cues that provide information
about proximity to mother (home-cage vs clean bedding). Our results
confirm and expand previous results obtained in outbred and inbred
mouse as well as in rat showing that RCF impairs the formation of
attachment bond (D’Amato et al., 2011; Ventura et al., 2013; Di Segni
et al., 2018; Dulor Finkler et al., 2020). Interestingly, when tested in the
Homing Test at PND10, although all groups showed preference for the
home-cage compared to the clean-cage, RCF females spent significantly
more time in the home-cage (the environment providing information
about proximity to mother) in comparison with Control females,
regardless of the genotype. These data support increased separation
anxiety induced by RCF manipulation due to compromised bond
attachment formation. Unexpectedly, no difference was instead evident
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Fig. 5. A. Schematic representation of the differential analysis of VTA transcriptomes between male and female control mice within each strain (C57 and DBA). Venn
diagrams indicate number of DEGs between each pair of experimental groups. B. Histograms represent the chromosomal distribution of the DEGs between male
versus female control mice from C57 (left histogram) and DBA (right histogram) strains. The number of DEGs per chromosome is expressed as percentage over the

total coding genes (including pseudogenes) located in the chromosome.

in males, suggesting that males were less affected by RCF manipulation.
All together, these results confirm previous studies reporting early onset
of sex-dependent differences induced by post-natal stress (Csikota et al.,
2020) and indicate an early stronger effect of RCF in females compared
to males. To note, cross-fostered pups were not neglected by adoptive
mothers and did not differ from Control animals in terms of received
maternal care (e.g. nursing, grooming/licking) as previously reported
(D’Amato et al., 2011; Luchetti et al., 2015, 2016; Di Segni et al., 2016).
Based on temporal overlap between the sensitive period for the
attachment bond (Opendak et al., 2017) and the development of dopa-
minergic system (Luo and Huang, 2016), as well as on previous reports
suggesting that maternal attachment bond may also be linked to dopa-
minergic system (Strathearn et al., 2009; Curtis and Wang, 2005), here
we speculate that our manipulation, carried out within the sensitive
period for dopamine system development (Luo and Huang, 2016), could
have altered VTA functions and compromised the attachment bond
affecting, in turn, the response to future events in adulthood. Interest-
ingly, the RCF effects were more evident in female than male pups.
Accordingly, our previous and present results indicate that RCF
manipulation induces long lasting VTA-related behavioral effects

(Ventura et al., 2013; Di Segni et al., 2016, 2017, 2020) more strongly
affecting female than male mice (Di Segni et al., 2019), across two ge-
notypes. In addition, RCF differently affects Positive and Negative
Valence Systems in C57 and DBA females, respectively. In particular,
consistently with previous and present data showing increased sensi-
tivity to saccharine and cocaine (Di Segni et al., 2016, 2017) and
increased sociability index at PND28, adult RCF C57 female mice show
increased sensitivity to positive motivational stimuli (sum up in the
Positive Valence System). Otherwise, according with increased passive
coping strategy observed in our previous (Di Segni et al., 2016) and
present results (see TST results section), RCF DBA female mice show
increased sensitivity to aversive stimuli mediating acute threat response
(sum up in the Negative Valence System).

Consistently with behavioral data, we found that RCF deeply altered
VTA transcriptional profile almost exclusively in females and, again, this
pattern was conserved among different mouse backgrounds. We found a
tremendously higher number of DEGs in RCF females (1593 in RCF C57
females; 1090 in RCF DBA females), with small or no effect in RCF males
(18 in RCF C57 males, 2 in RCF DBA males), again suggesting a higher
plasticity in female VTA in response to maternal environment.



L. Lo Iacono et al.

Sce supplementary table 8 for details

A
C57
B $5 0 9
?C57 RCF/Cont C57 Cont @/ RCF Cont Cont RCF
kel o Q Q
D
§
I
= SRS ¢
‘ N
s

a0 10000
9 C57 RCF/Cont (Rank)

Neurobiology of Stress 15 (2021) 100406

DBA
NS N Y
€ £ £ C
L LY
RCF  Cont  Cont RCF ¢ DBA RCF/Cont DBA Cont 9/
% b b e

"o DBA Cont/RCF (Rank)

1008 82 62

Rank-Rank Seater tho = 0.737)

Sce supplementary table 9 for details

© DBA RCF/Cont (Rark)

Fig. 6. A. Schematic representation of the differential analysis of VTA transcriptomes between male and female control mice, and RCF versus control female mice
within each strain (C57, DBA). Venn diagrams indicate the number of DEGs between each pair of experimental groups. The number of overlapping DEGs is indicated
in the inter section. B-C. DEGs indicated in the intersection for C57 (on the left) and for DBA (on the right) are shown in the heatmaps (C57: B; DBA: C). Color
intensity is proportional to the log2FC calculated between RCF versus Control group or male versus female control group per each strain. Specifically, red colors
indicate genes that are upregulated in RCF versus Control, or in male versus female mice, while blue colors indicate genes that are downregulated in RCF versus
Control, or in male versus female group. D-E. Rank-Rank scatter plots illustrating C57 CTR males compared to C57 RCF females vs. C57 CTR females (D); DBA CTR
females vs. DBA CTR males compared to DBA RCF females vs. DBA CTR females (E). All genes in each dataset are ranked based on - log10(padj)*sign(logFold-
Change). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Interestingly, in our previous studies, female (but not male) RCF C57
mice were reported to be more sensitive to cocaine effects in adulthood
(Di Segni et al., 2017, 2020), while female (but not male) RCF DBA mice
were shown to be more vulnerable to depression-like phenotype (Di
Segni et al., 2016). Thus, these DEGs may account for the different
phenotype observed in adult RCF C57 and DBA female mice. Accord-
ingly, biological processes related to drug addiction (morphine, cocaine,
nicotine and amphetamine addiction) were found among the most
significantly altered in C57 mice DEGs, suggesting alterations in syn-
aptic neurotransmission. This is corroborated by the significant path-
ways related to synapses including dopaminergic, glutamatergic and
gabaergic synapses, overall representing most of the VTA neurotrans-
mission. Interestingly, some genes (Bdnf, Rgs9, Csflr, Fgf2, NPY and
Drd) involved in mediating synaptic plasticity associated with
addiction-like behavioral phenotype (Li and Wolf, 2015; Even-Chen and
Barak, 2019; Brady et al., 2019; Anderson et al., 2010) and influenced by
early life manipulation (Lo lacono et al., 2016; Husum and Mathé, 2002)
were also found to be altered in adult RCF C57 female mice. In parallel,
pathways that are transcriptionally altered by RCF specifically in DBA
females may indicate a dysfunction in cellular bioenergetics and meta-
bolic processes (suggested by pathways including oxidative phosphor-
ylation, metabolic pathways and neurodegenerative diseases). A large
body of evidence report that mitochondrial dysfunctions in various
brain regions are associated with depression and point to a critical role
for cellular bioenergetic in the pathophysiology of depression (Bansal
and Kuhad 2016; Karabatsiakis and Schonfeldt-Lecuona, 2020). In
particular, the mitochondrial complex provides energy to the cells
through the ATP production and lower central and peripheral levels
(Gardner et al., 2003; Xie et al., 2020) have been strongly associated
with depression in both humans and animals (Martins-de-Souza et al.,
2012; Wen et al., 2014). To note, genes implicated in mitochondrial

electron transport chains, such as NADH-ubiquinone oxidoreductase 1
(ND1), ND2, ATP synthase 5 (ATP5), cytochrome b-c1 complex subunit
1 (Uqerel) and Ugrer2 (Gomes et al., 2013) and suggested to be involved
in depression (Silva-Costa et al., 2019), were also modulated by our
manipulation. The hypothesis of a developmental programming of brain
mitochondrial biology (Gyllenhammer et al., 2020) that is controlled by
early maternal environment is highly fascinating. Finally, several genes
encoding collagen proteins playing an active role in brain architecture
establishment, axon guidance and synaptogenesis regulation (Hubert
et al., 2009) were altered by RCF manipulation. Consistently, some of
them (Colla2, Cl5a2 and Col27al) seem to be altered by stress and
involved in depression-like phenotype (Smagin et al., 2019).

Our results suggest that, in susceptible genotypes, the long-term ef-
fect of an early aversive experience is sexually dimorphic. Future studies
will be directed to characterize the nature of these modifications.

Interestingly, we found 75 genes and 4 pathways that are shared
among the RCF-induced DEGs in females from C57 and DBA genotypes.
We reason that these DEGs could represent “genetically conserved
plasticity genes”, namely genes that are highly responsive to early
environment in females, regardless of genetic background. Not surpris-
ingly, these genes represent in large number processes related to
neuronal plasticity and development, such as focal adhesion, axon
guidance and extracellular matrix-receptor interaction. Previously
studies identified some of the DEGs altered by RCF, such Bdnf (Roth
et al., 2009; Boulle et al., 2012; Suri et al., 2013), Gabra (Skilbeck et al.,
2018; Mitchell et al., 2018) Fkbp5 (Wang et al., 2018; Criado-Marrero
et al., 2019; Ke et al., 2018) and Npy (Yam et al., 2017; Husum and
Mathé, 2002; Reichmann and Holzer, 2016) also affected by other early
life adversities in different brain areas, including Prefrontal Cortex,
Nucleus Accumbens and Hippocampus (Oldham Green et al., 2021; Lo
lacono et al., 2016; Alberry et al., 2020), while other of them, like Pvalb,
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are still under investigation (Leussis et al., 2012).

Among the common pathways, it is worth mentioning the PI3K-Akt
signalling pathway, a key mechanism mediating the experience-
dependent neuronal growth and survival. Notably, decreased Akt ac-
tivity into the VTA has been proposed to be an important mediator of
vulnerability to depression induced by stress exposure (Krishnan and
Nestler., 2008).

Sex differences in transcriptional signatures of early and adult stress
exposure in many brain regions have been reported in human and ani-
mal models (see Brivio et al., 2020 for review; Barko et al., 2019; Lab-
onté et al., 2017; Parel and Pena, 2020 for review). However, to our
knowledge, only one pioneering paper investigated the early
stress-induced transcriptional alterations in VTA in both sexes of mouse
(Pena et al., 2019), and no study reported an almost exclusive effect of
early experience in females as, indeed, evident from our results.

Following, we hypothesized that transcriptional changes induced by
RCF in female mice could involve sex-specific VTA transcripts, namely
genes that are differently expressed between control males and females.
Thus, we compared transcriptional profiles of the two sexes in the VTA
within each background and obtained two lists of sex-specific DEGs. Of
note, these DEGS seem to be highly genotype-dependent, as they over-
lapped between backgrounds only for few genes (mainly located in sex-
chromosomes). However, many of these genes in both backgrounds are
described by DAVID analysis as extracellular region constituents, sug-
gesting that different matrix composition and function may underlie the
sexual dimorphism and the higher plasticity in female than male VTA.

Comparing sex-specific DEGs with DEGs that were found between
RCF and Control females within each background we found a similar
percentage (55% for C57 and 57% for DBA) of overlap for both strains.
No overlap of these genes was found across the two strains.

We speculate that these DEGs could represent genotype-dependent
“female-specific plasticity genes”, namely genes biologically primed to
respond to environmental manipulation in a sex- and genotype-related
manner. Surprisingly the “female-specific plasticity genes” show an
100% inverted directional relationship when the sex-specific DEGs and
the RCF-induced DEGs are compared. This is true for both backgrounds,
with the exception of the gene Xist in DBA mice. In a simplistic view, sex-
specific plasticity genes in females are pushed by RCF toward a “male-
like” level of expression. However, this does not correspond to a male-
like behavior in adulthood. We speculate that the behavioral dysregu-
lation that we observe in adult females is likely due to the altered
“global” gene expression pattern, rather than to the absolute expression
level of these genes. According to this view, RCF would act in females
preventing the correct female-like gene expression maturation for these
groups of genes, which in turn results in a global dysfunction.

Interestingly, in early age, it looks like RCF is making the females
behave more like males in the homing test. That is consistent with an
interference of RCF with the proper sex-specific transcriptional
development.

Future studies will evaluate how early experiences mediate gonadal
hormones-dependent transcriptional instructions.

The sexually dimorphic impact of RCF on the VTA could be explained
by various independent or complementary scenarios: first, the existence
of different developmental paths between males and females (Chocyk
et al., 2015; Gillies et al., 2014; Hodes and Epperson, 2019) that may be
temporally shifted in their critical plasticity windows for the dopami-
nergic system development. Female and male brains indeed mature at
different rates, and environmental events experienced at the same
chronological age could differentially impact neurodevelopmental pro-
cesses (Bath, 2020).

Second, stress hormones, mainly glucocorticoids, interact with the
VTA dopaminergic system to enable the individual to cope with chal-
lenging events. In particular, during early life glucocorticoids or stress
exposure differentially impact dopaminergic developmental trajectories
in male and female brain (Gillies et al., 2014). This differential impact
can have long lasting consequences on males and females by setting
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individual resilience or susceptibility to psychopathology trigged by
later stressors throughout the lifespan.

Third, the possibility that sex-specific hormonal “instructions” may
make female dopaminergic system more vulnerable to maternally-
driven attachment bond-related stimuli. Gonadal steroid hormones
represent one of the major drives for sexually dimorphic brain and one
mechanism by which early stress can affect DA-related motivated
behavior is via regulating gonadal hormones. There is evidence, in fact,
for organizational effects of estrogens and androgens on dopaminergic
neurons in the VTA and, consequently, on motivated behavior (Eck and
Bangasser, 2020; Zachry et al., 2021). Different protocols of early ma-
nipulations can increase or decrease estrogen and androgen levels in
males and females, thus altering gonadal hormone regulation of the
mesolimbic DA system (Eck and Bangasser, 2020). Further works are
needed to deeply investigate the hormonal regulatory effects of DA
system.

In addition, several studies demonstrate that factors other than sex
steroid hormones and glucocorticoids, like different hormonal pro-
cesses, sex chromosomes themselves and epigenetic events can account
for these sex-related differences (Bath, 2020; Gillies et al., 2014; Maccari
et al., 2017; Pena et al., 2019; Parel and Pena, 2020).

Finally, an important role for the oxytocin (OXT) in mediating sex-
related brain differences would also be taken into account. The neuro-
peptide OXT plays a role in the offspring development of a bond with a
caregiver (Buchheim et al., 2009; Nagasawa et al., 2012; Sharma et al.,
2020), and maternal attachment has been linked to development of
dopaminergic and OXT neuroendocrine systems (Strathearn et al., 2009;
He et al., 2017; Pedersen et al., 1994). Based on this evidence, it is
possible to speculate that sex differences in OXT levels within the VTA
mediate the sex-related effects of RCF in our study. Further studies,
currently in progress in our lab, will investigate this hypothesis.

Investigating epigenetic and molecular pathways regulated by early
experiences (Burns et al., 2018) in a sex-specific manner is crucial to
understand the mechanisms underlying the clinically described sexual
differences (Brivio et al., 2020).

5. Conclusions

Here, we report for the first time an extremely higher effect of an
early adversity able to interfere with mother-pups attachment bond on
females than males from two different genetic backgrounds. We propose
to interpret our data within the conceptual models of “differential sus-
ceptibility” proposed by Belsky (Belsky et al., 2009). According to Bel-
sky’s model, some individuals are more developmentally plastic “for
better and for worse”; namely they are more susceptible to environment,
regardless of its valence (negative or positive). Within this conceptual
framework, our data suggest that females appear to be more “plastic” to
environment, thus indicating sex as a critical biological variable in
mediating the effects of environmental experiences. Finally, according
to “the three-hit concept of vulnerability and resilience” (Daskalakis
etal., 2013), we confirm that experiences during early-life can modulate
the epigenetic programming of specific brain circuits underlying
different aspects of behavioral response to events later in life (Daskalakis
et al., 2013) in a genotype dependent manner.

Investigating these genotype dependent- and independent-plasticity
genes may help to better understand the molecular basis of clinically
reported sex-related psychopathological outcomes as well as the
different inter-individual consequences of early adversity exposure in
women.

CRediT authorship contribution statement

Luisa Lo Iacono: Conceptualization, Methodology, Investigation.
Camilla Mancini: Conceptualization, Methodology, Investigation. Lucy
Babicola: Investigation, Formal analysis. Marco Pietrosanto: Investi-
gation, Formal analysis. Matteo Di Segni: Conceptualization, Writing —



L. Lo Iacono et al.

original draft, Investigation, Formal analysis. Sebastian Luca D’Ad-
dario: Investigation, Formal analysis. Diana Municchi: Investigation,
Formal analysis. Donald Ielpo: Investigation, Formal analysis. Tiziana
Pascucci: Methodology, Writing — review & editing. Simona Cabib:
Methodology, Writing — review & editing. Fabio Ferlazzo: Formal
analysis. Francesca R. D’Amato: Methodology, Writing — review &
editing. Diego Andolina: Methodology, Writing — review & editing.
Manuela Helmer-Citterich: Methodology, Writing — review & editing.
Carlo Cifani: Conceptualization, Writing — review & editing, Supervi-
sion, Funding acquisition. Rossella Ventura: Conceptualization,
Methodology, Writing — original draft, Supervision, Funding acquisition.

Declaration of competing interest

None.
Data availability

Data will be made available on request.
Acknowledgement

We thank the Zardi-Gori Foundation for Lucy Babicola research
fellowship.

This research was supported by Italin Ministry of Education, Uni-
versity and Research (FIRB 2010; RBFR10RZON_001); Ateneo 2020
University Sapienza, Rome (RM120172B7A3A801); Italian Ministry of
Education, University and Research PRIN2015KP7T2Y. We thank Dr.
Andrea Ventura for scientific advices and comments and for help with
analysis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ynstr.2021.100406.

References

Alberry, B.L., Castellani, C.A., Singh, S.M., 2020. Hippocampal transcriptome analysis
following maternal separation implicates altered RNA processing in a mouse model
of fetal alcohol spectrum disorder. J. Neurodev. Disord. 12, 1-16. https://doi.org/
10.1186/511689-020-09316-3.

Alyamani, R.A.S., Murgatroyd, C., 2018. Epigenetic programming by early-life stress. In:
Progress in Molecular Biology and Translational Science. Elsevier B.V., pp. 133-150.
https://doi.org/10.1016/bs.pmbts.2018.01.004

Anderson, G.R., Cao, Y., Davidson, S., Truong, H.V., Pravetoni, M., Thomas, M.J.,
Wickman, K., Giesler Jr., G.J., Martemyanov, K.A., 2010. R7BP complexes with
RGS9-2 and RGS7 in the striatum differentially control motor learning and
locomotor responses to cocaine. Neuropsychopharmacology 35 (4), 1040-1050.
https://doi.org/10.1038/npp.2009.212.

Anderzhanova, E., Kirmeier, T., Wotjak, C.T., 2017. Animal models in psychiatric
research: the RDoC system as a new framework for endophenotype-oriented
translational neuroscience. Neurobiol. Stress 7, 47-56. https://doi.org/10.1016/j.
ynstr.2017.03.003.

Babicola, L., Ventura, R., D’Addario, S.L., Ielpo, D., Andolina, D., Di Segni, M., 2021.
Long term effects of early life stress on HPA circuit in rodent models. Mol. Cell.
Endocrinol. 521, 111125 https://doi.org/10.1016/j.mce.2020.111125.

Bale, T.L., 2006. Stress sensitivity and the development of affective disorders. Horm.
Behav. 50, 529-533. https://doi.org/10.1016/j.yhbeh.2006.06.033.

Bansal, Y., Kuhad, A., 2016. Mitochondrial dysfunction in depression. Curr.
Neuropharmacol. 14 (6), 610-618. https://doi.org/10.2174/
1570159x14666160229114755.

Barko, K., Paden, W., Cahill, K.M., Seney, M.L., Logan, R.W., 2019. Sex-specific effects of
stress on mood-related gene expression. Mol. Neuropsychiatr. 5, 162-176. https://
doi.org/10.1159/000499105.

Bath, K.G., 2020. Synthesizing views to understand sex differences in response to early
life adversity. Trends Neurosci. https://doi.org/10.1016/j.tins.2020.02.004.

Belsky, J., Jonassaint, C., Pluess, M., Stanton, M., Brummett, B., Williams, R., 2009.
Vulnerability genes or plasticity genes? Mol. Psychiatr. https://doi.org/10.1038/
mp.2009.44.

Belujon, P., Grace, A.A., 2017. Dopamine system dysregulation in major depressive
disorders. Int. J. Neuropsychopharmacol. https://doi.org/10.1093/ijnp/pyx056.
Berridge, K.C., 2007. The debate over dopamine’s role in reward: the case for incentive

salience. Psychopharmacology. https://doi.org/10.1007/500213-006-0578-x.

11

Neurobiology of Stress 15 (2021) 100406

Boulle, F., van den Hove, D.L., Jakob, S.B., Rutten, B.P., Hamon, M., van Os, J., Lesch, K.
P., Lanfumey, L., Steinbusch, H.W., Kenis, G., 2012. Epigenetic regulation of the
BDNF gene: implications for psychiatric disorders. Mol. Psychiatr. 17 (6), 584-596.
https://doi.org/10.1038/mp.2011.107.

Bowlby, J., 1982. Attachment and loss: retrospect and prospect. Am. J. Orthopsychiatry
52, 664-678. https://doi.org/10.1111/j.1939-0025.1982.tb01456.x.

Brady, L.J., Hofford, R.S., Tat, J., Calipari, E.S., Kiraly, D.D., 2019. Granulocyte-colony
stimulating factor alters the pharmacodynamic properties of cocaine in female mice.
ACS Chem. Neurosci. 10 (10), 4213-4220. https://doi.org/10.1021/
acschemneuro.9b00309.

Brivio, E., Lopez, J.P., Chen, A., 2020. Sex differences: transcriptional signatures of stress
exposure in male and female brains. Gene Brain Behav. https://doi.org/10.1111/
gbb.12643.

Bryant, R.A., 2016. Social attachments and traumatic stress. Eur. J. Psychotraumatol. 7
https://doi.org/10.3402/ejpt.v7.29065.

Buchheim, A., Heinrichs, M., George, C., Pokorny, D., Koops, E., Henningsen, P.,
O’Connor, M.F., Giindel, H., 2009. Oxytocin enhances the experience of attachment
security. Psychoneuroendocrinology 34, 1417-1422. https://doi.org/10.1016/j.
psyneuen.2009.04.002.

Burns, S.B., Szyszkowicz, J.K., Luheshi, G.N., Lutz, P.E., Turecki, G., 2018. Plasticity of
the epigenome during early-life stress. In: Seminars in Cell and Developmental
Biology. https://doi.org/10.1016/j.semcdb.2017.09.033.

Chocyk, A., Dudys, D., Przyborowska, A., Majcher, 1., Mackowiak, M.,
Weogonekdzony, K., 2011. Maternal separation affects the number, proliferation and
apoptosis of glia cells in the substantia nigra and ventral tegmental area of juvenile
rats. Neuroscience 173, 1-18. https://doi.org/10.1016/j.neuroscience.2010.11.037.

Chocyk, A., Majcher-Maslanka, I., Przyborowska, A., Mackowiak, M., Wedzony, K., 2015.
Early-life stress increases the survival of midbrain neurons during postnatal
development and enhances reward-related and anxiolytic-like behaviors in a sex-
dependent fashion. Int. J. Dev. Neurosci. 44, 33-47. https://doi.org/10.1016/j.
ijdevneu.2015.05.002.

Cinque, C., Pondiki, S., Oddi, D., di Certo, M.G., Marinelli, S., Troisi, A., Moles, A.,
D’Amato, F.R., 2012. Modeling socially anhedonic syndromes: genetic and
pharmacological manipulation of opioid neurotransmission in mice. Transl.
Psychiatry 2. https://doi.org/10.1038/tp.2012.83.

Criado-Marrero, M., Gebru, N.T., Gould, L.A., Smith, T.M., Kim, S., Blackburn, R.J.,
Dickey, C.A., Blair, L.J., 2019. Early life stress and high FKBP5 interact to increase
anxiety-like symptoms through altered AKT signaling in the dorsal Hippocampus.
Int. J. Mol. Sci. 20 (11), 2738. https://doi.org/10.3390/ijms20112738.

Csikota, P., Horvath, J., Szegedi, V., Zsebok, S., Zelena, D., 2020. Sex differences in
ultrasonic vocalization and hormonal stress response of an anxious mice strain
during the early postnatal period. Integr. Physiol. 1, 218-224. https://doi.org/
10.33910/2687-1270-2020-1-3-218-224.

Curtis, J.T., Wang, Z., 2005. Ventral tegmental area involvement in pair bonding in male
prairie voles. Physiol. Behav. 86, 338-346. https://doi.org/10.1016/j.
physbeh.2005.08.022.

D’Addario, S.L., Di Segni, M., Ledonne, A., Piscitelli, R., Babicola, L., Martini, A.,
Spoleti, E., Mancini, C., Ielpo, D., D’Amato, F.R., Andolina, D., Ragozzino, D.,
Mercuri, N.B., Cifani, C., Renzi, M., Guatteo, E., Ventura, R., 2021. Resilience to
anhedonia-passive coping induced by early life experience is linked to a long-lasting
reduction of Th current in VTA dopaminergic neurons. Neurobiol. Stress 14, 100324.
https://doi.org/10.1016/j.ynstr.2021.100324.

D’Amato, F.R., Zanettini, C., Lampis, V., Coccurello, R., Pascucci, T., Ventura, R., Puglisi-
Allegra, S., Moles, A., Battaglia, M., 2011. Unstable maternal environment,
separation anxiety, and heightened CO2 sensitivity induced by gene-by-environment
interplay. PLoS One 6 (4), e18637. https://doi.org/10.1371/journal.pone.0018637.

Daskalakis, N.P., Bagot, R.C., Parker, K.J., Vinkers, C.H., de Kloet, E.R., 2013. The three-
hit concept of vulnerability and resilience: toward understanding adaptation to
early-life adversity outcome. Psychoneuroendocrinology 38, 1858-1873. https://
doi.org/10.1016/j.psyneuen.2013.06.008.

Di Segni, M., Andolina, D., Coassin, A., Accoto, A., Luchetti, A., Pascucci, T., Luzi, C.,
Lizzi, A.R., D’Amato, F.R., Ventura, R., 2017. Sensitivity to cocaine in adult mice is
due to interplay between genetic makeup, early environment and later experience.
Neuropharmacology 125, 87-98. https://doi.org/10.1016/j.
neuropharm.2017.07.014.

Di Segni, M., Andolina, D., D’Addario, S.L., Babicola, L., Ielpo, D., Luchetti, A.,
Pascucci, T., lo Iacono, L., D’Amato, F.R., Ventura, R., 2019. Sex-dependent effects of
early unstable post-natal environment on response to positive and negative stimuli in
adult mice. Neuroscience 413, 1-10. https://doi.org/10.1016/j.
neuroscience.2019.06.016.

Di Segni, M., Andolina, D., Luchetti, A., Babicola, L., D’Apolito, L.I., Pascucci, T.,
Conversi, D., Accoto, A., D’Amato, F.R., Ventura, R., 2016. Unstable maternal
environment affects stress response in adult mice in a genotype-dependent manner.
Cerebr. Cortex 26, 4370-4380. https://doi.org/10.1093/cercor/bhv204.

Di Segni, M., Andolina, D., Ventura, R., 2018. Long-term effects of early environment on
the brain: lesson from rodent models. In: Seminars in Cell and Developmental
Biology. https://doi.org/10.1016/j.semcdb.2017.09.039.

Di Segni, M., D’Addario, S.L., Babicola, L., Ielpo, D., lo Iacono, L., Andolina, D.,
Accoto, A., Luchetti, A., Mancini, C., Parisi, C., D’Onofrio, M., Arisi, L., Brandi, R.,
Pascucci, T., Cifani, C., D’Amato, F.R., Ventura, R., 2020. XIr4 as a new candidate
gene underlying vulnerability to cocaine effects. Neuropharmacology 168. https://
doi.org/10.1016/j.neuropharm.2020.108019.

Dulor Finkler, A., Espinoza Pardo, G.V., Bolten Lucion, A., 2020. Repeated cross-fostering
affects maternal behavior and olfactory preferences in rat pups. Dev. Psychobiol. 62,
283-296. https://doi.org/10.1002/dev.21907.


https://doi.org/10.1016/j.ynstr.2021.100406
https://doi.org/10.1016/j.ynstr.2021.100406
https://doi.org/10.1186/s11689-020-09316-3
https://doi.org/10.1186/s11689-020-09316-3
https://doi.org/10.1016/bs.pmbts.2018.01.004
https://doi.org/10.1038/npp.2009.212
https://doi.org/10.1016/j.ynstr.2017.03.003
https://doi.org/10.1016/j.ynstr.2017.03.003
https://doi.org/10.1016/j.mce.2020.111125
https://doi.org/10.1016/j.yhbeh.2006.06.033
https://doi.org/10.2174/1570159x14666160229114755
https://doi.org/10.2174/1570159x14666160229114755
https://doi.org/10.1159/000499105
https://doi.org/10.1159/000499105
https://doi.org/10.1016/j.tins.2020.02.004
https://doi.org/10.1038/mp.2009.44
https://doi.org/10.1038/mp.2009.44
https://doi.org/10.1093/ijnp/pyx056
https://doi.org/10.1007/s00213-006-0578-x
https://doi.org/10.1038/mp.2011.107
https://doi.org/10.1111/j.1939-0025.1982.tb01456.x
https://doi.org/10.1021/acschemneuro.9b00309
https://doi.org/10.1021/acschemneuro.9b00309
https://doi.org/10.1111/gbb.12643
https://doi.org/10.1111/gbb.12643
https://doi.org/10.3402/ejpt.v7.29065
https://doi.org/10.1016/j.psyneuen.2009.04.002
https://doi.org/10.1016/j.psyneuen.2009.04.002
https://doi.org/10.1016/j.semcdb.2017.09.033
https://doi.org/10.1016/j.neuroscience.2010.11.037
https://doi.org/10.1016/j.ijdevneu.2015.05.002
https://doi.org/10.1016/j.ijdevneu.2015.05.002
https://doi.org/10.1038/tp.2012.83
https://doi.org/10.3390/ijms20112738
https://doi.org/10.33910/2687-1270-2020-1-3-218-224
https://doi.org/10.33910/2687-1270-2020-1-3-218-224
https://doi.org/10.1016/j.physbeh.2005.08.022
https://doi.org/10.1016/j.physbeh.2005.08.022
https://doi.org/10.1016/j.ynstr.2021.100324
https://doi.org/10.1371/journal.pone.0018637
https://doi.org/10.1016/j.psyneuen.2013.06.008
https://doi.org/10.1016/j.psyneuen.2013.06.008
https://doi.org/10.1016/j.neuropharm.2017.07.014
https://doi.org/10.1016/j.neuropharm.2017.07.014
https://doi.org/10.1016/j.neuroscience.2019.06.016
https://doi.org/10.1016/j.neuroscience.2019.06.016
https://doi.org/10.1093/cercor/bhv204
https://doi.org/10.1016/j.semcdb.2017.09.039
https://doi.org/10.1016/j.neuropharm.2020.108019
https://doi.org/10.1016/j.neuropharm.2020.108019
https://doi.org/10.1002/dev.21907

L. Lo Iacono et al.

Durinck, S., Spellman, P.T., Birney, E., Huber, W., 2009. Mapping identifiers for the
integration of genomic datasets with the R/Bioconductor package biomaRt. Nat.
Protoc. 4, 1184-1191. https://doi.org/10.1038/nprot.2009.97.

Eck, S.R., Bangasser, D.A., 2020. The effects of early life stress on motivated behaviors: a
role for gonadal hormones. Neurosci. Biobehav. Rev. https://doi.org/10.1016/j.
neubiorev.2020.09.014.

Even-Chen, O., Barak, S., 2019. The role of fibroblast growth factor 2 in drug addiction.
Eur. J. Neurosci. 50 (3), 2552-2561. https://doi.org/10.1111/ejn.14133.

Feldman, R., 2017. The neurobiology of human attachments. In: Trends in Cognitive
Sciences. https://doi.org/10.1016/j.tics.2016.11.007.

Fiori, E., Babicola, L., Andolina, D., Coassin, A., Pascucci, T., Patella, L., Han, Y.C.,
Ventura, A., Ventura, R., 2015. Neurobehavioral alterations in a genetic murine
model of feingold syndrome 2. Behav. Genet. 45, 547-559. https://doi.org/10.1007/
5§10519-015-9724-8.

Gardner, A., Johansson, A., Wibom, R., Nennesmo, I., von Dobeln, U., Hagenfeldt, L.,
Hallstrom, T., 2003. Alterations of mitochondrial function and correlations with
personality traits in selected major depressive disorder patients. J. Affect. Disord. 76
(1-3), 55-68. https://doi.org/10.1016/s0165-0327(02)00067-8.

Gillies, G.E., Virdee, K., McArthur, S., Dalley, J.W., 2014. Sex-dependent diversity in
ventral tegmental dopaminergic neurons and developmental programing: a
molecular, cellular and behavioral analysis. Neuroscience. https://doi.org/10.1016/
j-neuroscience.2014.05.033.

Gomes, A.P., Price, N.L., Ling, A.J., Moslehi, J.J., Montgomery, M.K., Rajman, L.,
White, J.P., Teodoro, J.S., Wrann, C.D., Hubbard, B.P., Mercken, E.M., Palmeira, C.
M., de Cabo, R., Rolo, A.P., Turner, N., Bell, E.L., Sinclair, D.A., 2013. Declining NAD
(+) induces a pseudohypoxic state disrupting nuclear-mitochondrial communication
during aging. Cell 155 (7), 1624-1638. https://doi.org/10.1016/j.cell.2013.11.037.

Gyllenhammer, L.E., Entringer, S., Buss, C., Wadhwa, P.D., 2020. Developmental
programming of mitochondrial biology: a conceptual framework and review. Proc.
Biol. Sci. 287, 20192713 https://doi.org/10.1098/rspb.2019.2713, 1926.

He, Z., Hou, W., Hao, X., Dong, N., Du, P., Yuan, W., Yang, J., Jia, R., Tai, F., 2017.
Oxytocin receptor antagonist treatments alter levels of attachment to mothers and
central dopamine activity in pre-weaning Mandarin vole pups.
Psychoneuroendocrinology 84, 124-134. https://doi.org/10.1016/j.
psyneuen.2017.06.020.

Heim, C., Shugart, M., Craighead, W.E., Nemeroff, C.B., 2010. Neurobiological and
psychiatric consequences of child abuse and neglect. Dev. Psychobiol. 52, 671-690.
https://doi.org/10.1002/dev.20494.

Hodes, G.E., Epperson, C.N., 2019. Sex differences in vulnerability and resilience to stress
across the life span. Biol. Psychiatr. https://doi.org/10.1016/j.
biopsych.2019.04.028.

Hollon, N.G., Burgeno, L.M., Phillips, P.E., 2015. Stress effects on the neural substrates of
motivated behavior. Nat. Neurosci. 18 (10), 1405-1412. https://doi.org/10.1038/
nn.4114.

Huang, d., Sherman, B.T., Lempicki, R.A., 2009. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4 (1), 44-57.
https://doi.org/10.1038/nprot.2008.211.

Hubert, T., Grimal, S., Carroll, P., Fichard-Carroll, A., 2009. Collagens in the developing
and diseased nervous system. Cell. Mol. Life Sci. : CMLS 66 (7), 1223-1238. https://
doi.org/10.1007/s00018-008-8561-9.

Husum, H., Mathé, A., 2002. Early life stress changes concentrations of neuropeptide Y
and corticotropin-releasing hormone in adult rat brain. Lithium treatment modifies
these changes. Neuropsychopharmacology 27, 756-764. https://doi.org/10.1016/
$0893-133X(02)00363-9.

Insel, T.R., 2014. The NIMH research domain criteria (RDoC) project: precision medicine
for psychiatry. Am. J. Psychiatr. https://doi.org/10.1176/appi.ajp.2014.14020138.

Insel, T.R., 2003. Is social attachment an addictive disorder?. In: Physiology and
Behavior. Elsevier Inc., pp. 351-357. https://doi.org/10.1016/50031-9384(03)
00148-3

Ironside, M., Kumar, P., Kang, M.S., Pizzagalli, D.A., 2018. Brain mechanisms mediating
effects of stress on reward sensitivity. Curr. Opin. Behav. Sci. 22, 106-113. https://
doi.org/10.1016/j.cobeha.2018.01.016.

Karabatsiakis, A., Schonfeldt-Lecuona, C., 2020. Depression, mitochondrial
bioenergetics, and electroconvulsive therapy: a new approach towards personalized
medicine in psychiatric treatment - a short review and current perspective. Transl.
Psychiatry (1), 226. https://doi.org/10.1038/541398-020-00901-7, 0.

Ke, X., Fu, Q., Majnik, A., Cohen, S., Liu, Q., Lane, R., 2018. Adverse early life
environment induces anxiety-like behavior and increases expression of FKBP5 mRNA
splice variants in mouse brain. Physiol. Genom. 50 (11), 973-981. https://doi.org/
10.1152/physiolgenomics.00054.2018.

Keller, S.M., Roth, T.L., 2016. Environmental influences on the female epigenome and
behavior. Environ. Epigen. 2, dvw007 https://doi.org/10.1093/eep/dvw007.

Koob, G.F., Volkow, N.D., 2010. Neurocircuitry of addiction.
Neuropsychopharmacology. https://doi.org/10.1038/npp.2009.110.

Kokane, S.S., Perrotti, L.I., 2020. Sex differences and the role of estradiol in mesolimbic
reward circuits and vulnerability to cocaine and opiate addiction. Front. Behav.
Neurosci. 14, 74. https://doi.org/10.3389/fnbeh.2020.00074.

Krishnan, V., Nestler, E.J., 2008. The molecular neurobiology of depression. Nature 455
(7215), 894-902. https://doi.org/10.1038/nature07455.

Labonté, B., Engmann, O., Purushothaman, I., Menard, C., Wang, J., Tan, C., Scarpa, J.R.,
Moy, G., Loh, Y.H.E., Cahill, M., Lorsch, Z.S., Hamilton, P.J., Calipari, E.S., Hodes, G.
E., Issler, O., Kronman, H., Pfau, M., Obradovic, A.L.J., Dong, Y., Neve, R.L.,
Russo, S., Kazarskis, A., Tamminga, C., Mechawar, N., Turecki, G., Zhang, B.,
Shen, L., Nestler, E.J., 2017. Sex-specific transcriptional signatures in human
depression. Nat. Med. 23, 1102-1111. https://doi.org/10.1038/nm.4386.

12

Neurobiology of Stress 15 (2021) 100406

Lammel, S., Lim, B.K., Malenka, R.C., 2014. Reward and aversion in a heterogeneous
midbrain dopamine system. Neuropharmacology. https://doi.org/10.1016/j.
neuropharm.2013.03.019.

Leussis, M.P., Freund, N., Brenhouse, H.C., Thompson, B.S., Andersen, S.L., 2012.
Depressive-like behavior in adolescents after maternal separation: sex differences,
controllability, and GABA. Dev. Neurosci. 34 (2-3), 210-217. https://doi.org/
10.1159/000339162.

Li, X., Wolf, M.E., 2015. Multiple faces of BDNF in cocaine addiction. Behav. Brain Res.
279, 240-254. https://doi.org/10.1016/j.bbr.2014.11.018.

Lo Iacono, L., Valzania, A., Visco-Comandini, F., Viscomi, M.T., Felsani, A., Puglisi-
Allegra, S., Carola, V., 2016. Regulation of nucleus accumbens transcript levels in
mice by early-life social stress and cocaine. Neuropharmacology 103, 183-194.
https://doi.org/10.1016/j.neuropharm.2015.12.011.

Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15 https://doi.org/
10.1186/513059-014-0550-8.

Luby, J.L., Baram, T.Z., Rogers, C.E., Barch, D.M., 2020. Neurodevelopmental
optimization after early-life adversity: cross-species studies to elucidate sensitive
periods and brain mechanisms to inform early intervention. Trends Neurosci.
https://doi.org/10.1016/j.tins.2020.08.001.

Luchetti, A., Battaglia, M., D’Amato, F.R., 2016. Repeated cross-fostering protocol as a
mouse model of early environmental instability. Bio-protocol 6.

Luchetti, A., Oddi, D., Lampis, V., Centofante, E., Felsani, A., Battaglia, M., D’Amato, F.
R., 2015. Early handling and repeated cross-fostering have opposite effect on mouse
emotionality. Front. Behav. Neurosci. 9 https://doi.org/10.3389/fnbeh.2015.00093.

Luchetti, A., Di Segni, M., Andolina, D., Ventura, R., Battaglia, M., D’Amato, F.R., 2021.
Mouse model of panic disorder: vulnerability to early environmental instability is
strain-dependent. Dev. Psychobiol. https://doi.org/10.1002/dev.22135. Advance
online publication.

Luo, S.X., Huang, E.J., 2016. Dopaminergic neurons and brain reward pathways: from
neurogenesis to circuit assembly. Am. J. Pathol. https://doi.org/10.1016/j.
ajpath.2015.09.023.

Maccari, S., Krugers, H.J., Morley-Fletcher, S., Szyf, M., Brunton, P.J., 2014. The
consequences of early-life adversity: neurobiological, behavioural and epigenetic
adaptations. J. Neuroendocrinol. https://doi.org/10.1111/jne.12175.

Maccari, S., Polese, D., Reynaert, M.L., Amici, T., Morley-Fletcher, S., Fagioli, F., 2017.
Early-life experiences and the development of adult diseases with a focus on mental
illness: the Human Birth Theory. Neuroscience. https://doi.org/10.1016/j.
neuroscience.2016.05.042.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.journal 17, 10. https://doi.org/10.14806/¢j.17.1.200.

Martins-de-Souza, D., Guest, P.C., Harris, L.W., Vanattou-Saifoudine, N., Webster, M.J.,
Rahmoune, H., Bahn, S., 2012. Identification of proteomic signatures associated with
depression and psychotic depression in post-mortem brains from major depression
patients. Transl. Psychiatry 2 (3), e87. https://doi.org/10.1038/tp.2012.13.

Masrouri, H., Azadi, M., Semnanian, S., Azizi, H., 2020. Maternal deprivation induces
persistent adaptations in putative dopamine neurons in rat ventral tegmental area: in
vivo electrophysiological study. Exp. Brain Res. 238, 2221-2228. https://doi.org/
10.1007/500221-020-05884-x.

McCormick, E.M., McElwain, N.L., Telzer, E.H., 2019. Alterations in adolescent
dopaminergic systems as a function of early mother-toddler attachment: a
prospective longitudinal examination. Int. J. Dev. Neurosci. 78, 122-129. https://
doi.org/10.1016/j.ijdevneu.2019.06.010.

Mitchell, S.J., Maguire, E.P., Cunningham, L., Gunn, B.G., Linke, M., Zechner, U.,
Dixon, C.I, King, S.L., Stephens, D.N., Swinny, J.D., Belelli, D., Lambert, J.J., 2018.
Early-life adversity selectively impairs a2-GABAareceptor expression in the mouse
nucleus accumbens and influences the behavioral effects of cocaine.
Neuropharmacology 141, 98-112. https://doi.org/10.1016/j.
neuropharm.2018.08.021.

Moles, A., Kieffer, B.L., D’Amato, F.R., 2004. Deficit in attachment behavior in mice
lacking the p-opioid receptor gene. Science 304, 1983-1986. https://doi.org/
10.1126/science.1095943.

Nagasawa, M., Okabe, S., Mogi, K., Kikusui, T., 2012. Oxytocin and mutual
communication in mother-infant bonding. Front. Hum. Neurosci. 6 https://doi.org/
10.3389/fnhum.2012.00031.

Nelson, C.A., Gabard-Durnam, L.J., 2020. Early adversity and critical periods:
neurodevelopmental consequences of violating the expectable environment. Trends
in Neurosciences. https://doi.org/10.1016/j.tins.2020.01.002.

Nestler, E.J., Carlezon, W.A., 2006. The mesolimbic dopamine reward circuit in
depression. Biol. Psychiatr. https://doi.org/10.1016/j.biopsych.2005.09.018.

Nestler, E.J., Liischer, C., 2019. The molecular basis of drug addiction: linking epigenetic
to synaptic and circuit mechanisms. Neuron. https://doi.org/10.1016/j.
neuron.2019.01.016.

Oh, W.C., Rodriguez, G., Asede, D., Jung, K., Hwang, .W., Ogelman, R., Bolton, M.M.,
Kwon, H.B., 2021. Dysregulation of the mesoprefrontal dopamine circuit mediates
an early-life stress-induced synaptic imbalance in the prefrontal cortex. Cell Rep. 35
(5), 109074 https://doi.org/10.1016/j.celrep.2021.109074.

Oldham Green, N., Maniam, J., Riese, J., Morris, M.J., Voineagu, 1., 2021. Transcriptomic
signature of early life stress in male rat prefrontal cortex. Neurobiol. Stress 14,
100316. https://doi.org/10.1016/j.ynstr.2021.100316.

Opendak, M., Gould, E., Sullivan, R., 2017. Early life adversity during the infant sensitive
period for attachment: programming of behavioral neurobiology of threat processing
and social behavior. Dev. Cogn. Neurosci. https://doi.org/10.1016/j.
dcn.2017.02.002.


https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1016/j.neubiorev.2020.09.014
https://doi.org/10.1016/j.neubiorev.2020.09.014
https://doi.org/10.1111/ejn.14133
https://doi.org/10.1016/j.tics.2016.11.007
https://doi.org/10.1007/s10519-015-9724-8
https://doi.org/10.1007/s10519-015-9724-8
https://doi.org/10.1016/s0165-0327(02)00067-8
https://doi.org/10.1016/j.neuroscience.2014.05.033
https://doi.org/10.1016/j.neuroscience.2014.05.033
https://doi.org/10.1016/j.cell.2013.11.037
https://doi.org/10.1098/rspb.2019.2713
https://doi.org/10.1016/j.psyneuen.2017.06.020
https://doi.org/10.1016/j.psyneuen.2017.06.020
https://doi.org/10.1002/dev.20494
https://doi.org/10.1016/j.biopsych.2019.04.028
https://doi.org/10.1016/j.biopsych.2019.04.028
https://doi.org/10.1038/nn.4114
https://doi.org/10.1038/nn.4114
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1007/s00018-008-8561-9
https://doi.org/10.1007/s00018-008-8561-9
https://doi.org/10.1016/S0893-133X(02)00363-9
https://doi.org/10.1016/S0893-133X(02)00363-9
https://doi.org/10.1176/appi.ajp.2014.14020138
https://doi.org/10.1016/S0031-9384(03)00148-3
https://doi.org/10.1016/S0031-9384(03)00148-3
https://doi.org/10.1016/j.cobeha.2018.01.016
https://doi.org/10.1016/j.cobeha.2018.01.016
https://doi.org/10.1038/s41398-020-00901-7
https://doi.org/10.1152/physiolgenomics.00054.2018
https://doi.org/10.1152/physiolgenomics.00054.2018
https://doi.org/10.1093/eep/dvw007
https://doi.org/10.1038/npp.2009.110
https://doi.org/10.3389/fnbeh.2020.00074
https://doi.org/10.1038/nature07455
https://doi.org/10.1038/nm.4386
https://doi.org/10.1016/j.neuropharm.2013.03.019
https://doi.org/10.1016/j.neuropharm.2013.03.019
https://doi.org/10.1159/000339162
https://doi.org/10.1159/000339162
https://doi.org/10.1016/j.bbr.2014.11.018
https://doi.org/10.1016/j.neuropharm.2015.12.011
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.tins.2020.08.001
http://refhub.elsevier.com/S2352-2895(21)00114-4/sref67
http://refhub.elsevier.com/S2352-2895(21)00114-4/sref67
https://doi.org/10.3389/fnbeh.2015.00093
https://doi.org/10.1002/dev.22135
https://doi.org/10.1016/j.ajpath.2015.09.023
https://doi.org/10.1016/j.ajpath.2015.09.023
https://doi.org/10.1111/jne.12175
https://doi.org/10.1016/j.neuroscience.2016.05.042
https://doi.org/10.1016/j.neuroscience.2016.05.042
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/tp.2012.13
https://doi.org/10.1007/s00221-020-05884-x
https://doi.org/10.1007/s00221-020-05884-x
https://doi.org/10.1016/j.ijdevneu.2019.06.010
https://doi.org/10.1016/j.ijdevneu.2019.06.010
https://doi.org/10.1016/j.neuropharm.2018.08.021
https://doi.org/10.1016/j.neuropharm.2018.08.021
https://doi.org/10.1126/science.1095943
https://doi.org/10.1126/science.1095943
https://doi.org/10.3389/fnhum.2012.00031
https://doi.org/10.3389/fnhum.2012.00031
https://doi.org/10.1016/j.tins.2020.01.002
https://doi.org/10.1016/j.biopsych.2005.09.018
https://doi.org/10.1016/j.neuron.2019.01.016
https://doi.org/10.1016/j.neuron.2019.01.016
https://doi.org/10.1016/j.celrep.2021.109074
https://doi.org/10.1016/j.ynstr.2021.100316
https://doi.org/10.1016/j.dcn.2017.02.002
https://doi.org/10.1016/j.dcn.2017.02.002

L. Lo Iacono et al.

Opendak, M., Sullivan, R.M., 2016. Unique neurobiology during the sensitive period for
attachment produces distinctive infant trauma processing. Eur. J. Psychotraumatol.
7, 31276 https://doi.org/10.3402/ejpt.v7.31276.

Opendak, M., Theisen, E., Blomkvist, A., Hollis, K., Lind, T., Sarro, E., Lundstrom, J.N.,
Tottenham, N., Dozier, M., Wilson, D.A., Sullivan, R.M., 2020. Adverse caregiving in
infancy blunts neural processing of the mother. Nat. Commun. 11 https://doi.org/
10.1038/541467-020-14801-3.

Parel, S.T., Pena, C.J., 2020. Genome-wide signatures of early life stress: influence of sex.
Biol. Psychiatr. 1-7. https://doi.org/10.1016/].biopsych.2020.12.010.

Park, A.T., Tooley, U.A., Leonard, J.A., Boroshok, A.L., McDermott, C.L., Tisdall, M.D.,
Mackey, A.P., 2021. Early childhood stress is associated with blunted development
of ventral tegmental area functional connectivity. Dev. Cogn. Neurosci. 47 https://
doi.org/10.1016/j.dcn.2020.100909.

Paxinos, G., Franklin, K.B.J., 2019. Paxinos and Franklin’s the Mouse Brain in Stereotaxic
Coordinates. Academic press.

Pedersen, C.A., Caldwell, J.D., Walker, C., Ayers, G., et al., 1994. Oxytocin activates the
postpartum onset of rat maternal behavior in the ventral tegmental and medial
preoptic areas. Behav. Neurosci. 108, 1163-1171. https://doi.org/10.1037//0735-
7044.108.6.1163.

Pena, C.J., Kronman, H.G., Walker, D.M., Cates, H.M., Bagot, R.C., Purushothaman, I.,
Issler, O., Eddie Loh, Y.H., Leong, T., Kiraly, D.D., Goodman, E., Neve, R.L., Shen, L.,
Nestler, E.J., 2017. Early life stress confers lifelong stress susceptibility in mice via
ventral tegmental area OTX2. Science 356, 1185-1188. https://doi.org/10.1126/
science.aan4491.

Pena, C.J., Smith, M., Ramakrishnan, A., Cates, H.M., Bagot, R.C., Kronman, H.G.,
Patel, B., Chang, A.B., Purushothaman, 1., Dudley, J., Morishita, H., Shen, L.,
Nestler, E.J., 2019. Early life stress alters transcriptomic patterning across reward
circuitry in male and female mice. Nat. Commun. 10 https://doi.org/10.1038/
s41467-019-13085-6.

Pratchett, L.C., Pelcovitz, M.R., Yehuda, R., 2010. Trauma and violence: are women the
weaker sex? Psychiatr. Clin. 33 (2), 465-474. https://doi.org/10.1016/j.
Psc.2010.01.010.

Reichmann, F., Holzer, P., 2016. Neuropeptide Y: a stressful review. Neuropeptides 55,
99-109. https://doi.org/10.1016/j.npep.2015.09.008.

Rincén-Cortés, M., Grace, A.A., 2020. Adaptations in reward-related behaviors and
mesolimbic dopamine function during motherhood and the postpartum period.
Front. Neuroendocrinol. https://doi.org/10.1016/j.yfrne.2020.100839.

Rincén-Cortés, M., Grace, A.A., 2017. Sex-dependent effects of stress on immobility
behavior and VTA dopamine neuron activity: modulation by ketamine. Int. J.
Neuropsychopharmacol. 20, 823-832. https://doi.org/10.1093/ijnp/pyx048.

Rosenblatt, J.D., Stein, J.L., 2014. RRHO: Test Overlap Using the Rank-Rank
Hypergeometric Test. R Package Version 1.32.0.

Roth, T.L., Lubin, F.D., Funk, A.J., Sweatt, J.D., 2009. Lasting epigenetic influence of
early-life adversity on the BDNF gene. Biol. Psychiatr. 65 (9), 760-769. https://doi.
org/10.1016/j.biopsych.2008.11.028.

Russo, S.J., Nestler, E.J., 2013. The brain reward circuitry in mood disorders. Nat. Rev.
Neurosci. 4 (9), 609-625. https://doi.org/10.1038/nrn3381.

Seney, M.L., Logan, R.W., 2021. Critical roles for developmental hormones and genetic
sex in stress-induced transcriptional changes associated with depression. In:
Neuropsychopharmacology. official publication of the American College of
Neuropsychopharmacology. https://doi.org/10.1038/541386-020-00792-8.

Seso, Simic, D., Sedmak, G., Hof, P.R., Simic, G., 2010. Recent advances in the
neurobiology of attachment behavior. Transl. Neurosci. 1, 148-159. https://doi.org/
10.2478/v10134-010-0020-0.

Sharma, S.R., Gonda, X., Dome, P., Tarazi, F.I., 2020. What’s Love Got to do with it: role
of oxytocin in trauma, attachment and resilience. In: Pharmacology and
Therapeutics. https://doi.org/10.1016/j.pharmthera.2020.107602.

13

Neurobiology of Stress 15 (2021) 100406

Silva-Costa, L.C., Carlson, P.T., Guest, P.C., de Almeida, V., Martins-de-Souza, D., 2019.
Proteomic markers for depression. Adv. Exp. Med. Biol. 1118, 191-206. https://doi.
org/10.1007/978-3-030-05542-4_10.

Skilbeck, K.J., Johnston, G., Hinton, T., 2018. Long-lasting effects of early-life
intervention in mice on adulthood behaviour, GABA, receptor subunit expression
and synaptic clustering. Pharmacol. Res. 128, 179-189. https://doi.org/10.1016/j.
phrs.2017.09.021.

Smagin, D.A., Galyamina, A.G., Kovalenko, L.L., Babenko, V.N., Kudryavtseva, N.N.,
2019. Aberrant expression of collagen gene family in the brain regions of male mice
with behavioral psychopathologies induced by chronic afonist interaction. BioMed
Res. Int. https://doi.org/10.1155/2019/7276389, 7276389.

Soderlund, J., Lindskog, M., 2018. Relevance of rodent models of depression in clinical
practice: can we overcome the obstacles in translational neuropsychiatry? Int. J.
Neuropsychopharmacol. https://doi.org/10.1093/ijnp/pyy037.

Song, S., Gleeson, J.G., 2018. Early life experience shapes neural genome. Science.
https://doi.org/10.1126/science.aat3977.

Strathearn, L., Fonagy, P., Amico, J., Montague, P.R., 2009. Adult attachment predicts
maternal brain and oxytocin response to infant Cues. Neuropsychopharmacology 34,
2655-2666. https://doi.org/10.1038/npp.2009.103.

Suri, D., Veenit, V., Sarkar, A., Thiagarajan, D., Kumar, A., Nestler, E.J., Galande, S.,
Vaidya, V.A., 2013. Early stress evokes age-dependent biphasic changes in
hippocampal neurogenesis, BDNF expression, and cognition. Biol. Psychiatr. 73 (7),
658-666. https://doi.org/10.1016/j.biopsych.2012.10.023.

Torres-Berrio, A., Issler, O., Parise, E.M., Nestler, E.J., 2019. Unraveling the epigenetic
landscape of depression: focus on early life stress. Dialogues Clin. Neurosci. 21,
341-357. https://doi.org/10.31887/DCNS.2019.21.4/enestler.

Ventura, R., Coccurello, R., Andolina, D., Latagliata, E.C., Zanettini, C., Lampis, V.,
Battaglia, M., D’Amato, F.R., Moles, A., 2013. Postnatal aversive experience impairs
sensitivity to natural rewards and increases susceptibility to negative events in adult
life. Cerebr. Cortex 23, 1606-1617. https://doi.org/10.1093/cercor/bhs145.

Wang, Q., Shelton, R.C., Dwivedi, Y., 2018. Interaction between early-life stress and
FKBPS5 gene variants in major depressive disorder and post-traumatic stress disorder:
a systematic review and meta-analysis. J. Affect. Disord. 225, 422-428. https://doi.
org/10.1016/j.jad.2017.08.066.

Weiss, E.L., Longhurst, J.G., Mazure, C.M., 1999. Childhood sexual abuse as a risk factor
for depression in women: psychosocial and neurobiological correlates. Am. J.
Psychiatr. 156, 816-828. https://doi.org/10.1176/ajp.156.6.816.

Wen, L., Jin, Y., Li, L., Sun, S., Cheng, S., Zhang, S., Zhang, Y., Svenningsson, P., 2014.
Exercise prevents raphe nucleus mitochondrial overactivity in a rat depression
model. Physiol. Behav. 132, 57-65. https://doi.org/10.1016/j.
physbeh.2014.04.050.

Xie, X., Shen, Q., Yu, C., Xiao, Q., Zhou, J., Xiong, Z., Li, Z., Fu, Z., 2020. Depression-like
behaviors are accompanied by disrupted mitochondrial energy metabolism in
chronic corticosterone-induced mice. J. Steroid Biochem. Mol. Biol. 200, 105607
https://doi.org/10.1016/j.jsbmb.2020.105607.

Yam, K.Y., Ruigrok, S.R., Ziko, I., De Luca, S.N., Lucassen, P.J., Spencer, S.J., Korosi, A.,
2017. Ghrelin and hypothalamic NPY/AgRP expression in mice are affected by
chronic early-life stress exposure in a sex-specific manner.
Psychoneuroendocrinology 86, 73-77. https://doi.org/10.1016/j.
psyneuen.2017.09.006.

Yan, S., et al., 2015. Antidepressant-like effects of Sanyuansan in the mouse forced swim
test, tail suspension test, and chronic mild stress model. Kaohsiung J. Med. Sci. 31
(12), 605-612. https://doi.org/10.1016/j.kjms.2015.10.009.

Zachry, J.E., Nolan, S.O., Brady, L.J., Kelly, S.J., Siciliano, C.A., Calipari, E.S., 2021. Sex
differences in dopamine release regulation in the striatum.
Neuropsychopharmacology. https://doi.org/10.1038/541386-020-00915-1.


https://doi.org/10.3402/ejpt.v7.31276
https://doi.org/10.1038/s41467-020-14801-3
https://doi.org/10.1038/s41467-020-14801-3
https://doi.org/10.1016/j.biopsych.2020.12.010
https://doi.org/10.1016/j.dcn.2020.100909
https://doi.org/10.1016/j.dcn.2020.100909
http://refhub.elsevier.com/S2352-2895(21)00114-4/sref90
http://refhub.elsevier.com/S2352-2895(21)00114-4/sref90
https://doi.org/10.1037//0735-7044.108.6.1163
https://doi.org/10.1037//0735-7044.108.6.1163
https://doi.org/10.1126/science.aan4491
https://doi.org/10.1126/science.aan4491
https://doi.org/10.1038/s41467-019-13085-6
https://doi.org/10.1038/s41467-019-13085-6
https://doi.org/10.1016/j.psc.2010.01.010
https://doi.org/10.1016/j.psc.2010.01.010
https://doi.org/10.1016/j.npep.2015.09.008
https://doi.org/10.1016/j.yfrne.2020.100839
https://doi.org/10.1093/ijnp/pyx048
http://refhub.elsevier.com/S2352-2895(21)00114-4/sref98
http://refhub.elsevier.com/S2352-2895(21)00114-4/sref98
https://doi.org/10.1016/j.biopsych.2008.11.028
https://doi.org/10.1016/j.biopsych.2008.11.028
https://doi.org/10.1038/nrn3381
https://doi.org/10.1038/s41386-020-00792-8
https://doi.org/10.2478/v10134-010-0020-0
https://doi.org/10.2478/v10134-010-0020-0
https://doi.org/10.1016/j.pharmthera.2020.107602
https://doi.org/10.1007/978-3-030-05542-4_10
https://doi.org/10.1007/978-3-030-05542-4_10
https://doi.org/10.1016/j.phrs.2017.09.021
https://doi.org/10.1016/j.phrs.2017.09.021
https://doi.org/10.1155/2019/7276389
https://doi.org/10.1093/ijnp/pyy037
https://doi.org/10.1126/science.aat3977
https://doi.org/10.1038/npp.2009.103
https://doi.org/10.1016/j.biopsych.2012.10.023
https://doi.org/10.31887/DCNS.2019.21.4/enestler
https://doi.org/10.1093/cercor/bhs145
https://doi.org/10.1016/j.jad.2017.08.066
https://doi.org/10.1016/j.jad.2017.08.066
https://doi.org/10.1176/ajp.156.6.816
https://doi.org/10.1016/j.physbeh.2014.04.050
https://doi.org/10.1016/j.physbeh.2014.04.050
https://doi.org/10.1016/j.jsbmb.2020.105607
https://doi.org/10.1016/j.psyneuen.2017.09.006
https://doi.org/10.1016/j.psyneuen.2017.09.006
https://doi.org/10.1016/j.kjms.2015.10.009
https://doi.org/10.1038/s41386-020-00915-1

	Early life adversity affecting the attachment bond alters ventral tegmental area transcriptomic patterning and behavior alm ...
	1 Introduction
	2 Methods and materials
	2.1 Animals
	2.2 Repeated Cross Fostering (RCF)
	2.3 Pups’ attachment behavior
	2.4 Adult behavioral tests
	2.4.1 Saccharin preference test (SPT)
	2.4.2 Forced swim test (FST)
	2.4.3 Tail suspension test (TST)
	2.4.4 Social interaction test (SIT)
	2.4.5 Elevated plus maze test (EPM)
	2.4.6 Open field test (OFT)

	2.5 Tissue isolation and RNA preparation
	2.5.1 RNA library preparation and sequencing
	2.5.2 mRNA-seq data analysis

	2.6 Statistics

	3 Results
	3.1 RCF interferes with the attachment bond formation
	3.2 RCF affects adult VTA-related behavioral domains in a sex-dependent manner
	3.3 RCF impacts adult transcriptional profile of VTA almost exclusively in females
	3.4 Sex-specific VTA transcriptional profiles reveal female-specific genes that are sensitive to RCF manipulation

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


